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GENERAL INTRODUCTION 
This thesis is an attempt to fill some gaps in mathematical 
modelling in the field of agricultural economics in China, and t o ex-
plore new approaches to optimizing the multiple cropping index (MCI) 
and cropping systems subject to multiple goals for a Chinese produc-
tion team. 
Although China is a huge agricultural nation, there have been few 
attempts at quantitative analysis in agricultural economics. This is 
because of the lack of both computers and trained practitioners. At 
present, the most important limitation is how to transform mathemati-
cal models to fit China's agricultural features, of which two predom-
inate. First, China is a socialist country and its economy is as yet 
under-commercialized. Therefore, at both tbe macro and micro levels, 
research on Chinese agriculture must consider a multiple objective 
function. A minimal starting point for agricultural decision makers 
in China is how to trade off maximization of physical output and eco-
nomic output. This is the theme of both essays of this thesis. 
Second, China is well known for its high MCI and sophisticated 
multiple cropping systems. To optimize these two measures should be 
the most important decision in China's agriculture because these 
measures help Chinese government planners to satisfy the people's 
basic need for agricultural commodities. To date, however, there has 
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been no convenient way to optimize both the MCI and the cropping 
system. This question--a key problem for agricultural production 
economics in China--is a second theme in both essays. 
The thesis is organized as follows: 
Part One, ''The Optimal Cropping System for a Chinese Production 
Team: A Multi-Goal Assembly Line Approach", makes an attempt to fit a 
linear programming (LP) model to China's situation and to optimize the 
cropping system using weighted de-unitized linear combinations of two 
objective functions . Key features are that the LP model is multi-goal 
and simplified by using a new "assembly line" method t o identify the 
dominant bottlenecks in the production sequence. Also, there are many 
new types of constraints that have been introduced to reflect an 
actual North China production team. 
Part Two, "The Optimal Multiple Cr opping Index for a Chinese 
Production Team: A New Game Model Approach", makes a new attempt to 
use time series data to develop a game model to deal with the optimi-
zation of the MCI using the maximin strategy of game theory. The 
feature of this model is that econometrics is included inside the 
mathematical program. 
Each essay contains its own conclusion . The overall conclusions 
from the research are briefly summarized following Part Two. 
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PART ONE: OPTIMAL CROPPING SYSTEMS FOR A CHINESE PRODUCTION TEAM: 
A MULTIPLE-GOAL, ASSEMBLY-LINE APPROACH 
4 
INTRODUCTION 
Statement of the Problem 
Linear programming models have become an effective tool for 
economic analysis in world agriculture since the 1950s, but there have 
been few attempts to use them in China. This situation is due partly 
to lack of computers, and partly to a lack of experts familiar with 
both LP modeling and the agricultural features of China. At present, 
the latter constraint is the more important. 
There are four key features of agriculture in China: 
1. Multiple objectives. China is a socialist country. On the 
economic aspect, its first goal is to satisfy its people's physical 
need for food. The Chinese gover:nment hopes. farmers will produce as 
much physical output (especially grain) as possible . As of 1980 , how-
ever, the government also wants the farmers to maximize their profits 
to get richer as quickly as possible. For their part, farmers want to 
utilize fully their cultivable land and get the most physical output 
from the land where possible. They also want to maximize their prof-
its to improve their lifestyles. Therefore, at both the macro and 
micro levels, resear ch on Chinese agriculture must consider a dual 
objective function. 
2. The principle of diversification. China is a country with a 
vast territory. Each area, county, and even production unit has its 
own natural and economic conditions that impinge upon agriculture and 
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cause productivity to vary from place to place. The results of research 
on a specific unit should not be applied to another unit without 
reasonable adjustments. 
3. Coexistence of labor-and-animal intensive agriculture with 
mechanized production. Because China is a developing country with a 
vast agricultural population, limited cultivable land compared with its 
huge population, complex farming methods, and limited capital available 
for investment in agriculture, it is impossible and inappropriate to 
realize agricul t ural mechanization completely during the near future. 
4. Highly developed multiple cropping systems and a pas t policy 
goal of raising the multiple cropping index. Agriculture in China is 
known for its long tradition of multiple cropping. Since 1949, the 
Chinese government has stressed utilizing cultivable land to its great-
est extent to increase grain output. This policy was reflected in two 
measures: to extend the sown area and to improve and extend multiple 
cropping systems . Because, at either the macro or the microeconomic 
level, the area of cultivable land is generally fixed for a specific 
period, sown area must be considered a key variable . Limited by natural 
and economic conditions, any farm or national plan for agriculture must 
generally contain a complex set . of cropping patterns. 
The discussion above points to two problems: how to build a 
linear programming model which correct ly reflects the agricultural 
features in China, and how to mix different cropping patterns in order 
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to satisfy the twin objectives of high income and increased cropping 
intensity. Are these objectives complementary or do they conflict? 
If they conflict, over what range? 
To explore these questions, we selected the Yu Fa production team 
located in Da Xing county, near Beijing. We collected our data mainly 
from the statistical tabulations and the technical records of the 
team, but supplemented them with experimental information from the 
Agricultural Bureau and observations from the weather station in the 
county. 
With this informa tion, we constructed an LP model which contained 
two objective functions, 55 activities and 118 constraints. After 
solving the LP model with different relative weights on the objective 
funct~ons, we compared the implications of the different results, and 
selected the "optimal" plan for the team. 
Propositions 
We established two general propositions: 
1. LP models are effective for China but require specific modif-
ications. These include : 
(1) Multiple objective functions. F9r simplicity, they can be 
expressed as the trade-off between maximizing physical output and 
economic output. 
(2) Coexistence of labor-and-animal intensive agriculture with 
mechanized production. 
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(3) Both chemical and organic fertilizers. 
(4) Transfer and on-farm use of crop and livestock by-products. 
(S) Double cropping patterns with wheat as the main grain crop . 
(In southern China, one would include triple cropping patterns with 
rice as the main grain crop) . 
2. LP models can determine the optimal mix of cropping patterns 
subject to the following: 
(1) Every area or production unit has an upper bound on the 
multiple cropping index, estimated from historical data and practical 
experience. 
(2) Secondaryl cropping patterns for a given region or unit 
are often necessary to achieve its objectives. 
(3) Optimization of the cropping pattern mix is related to the 
quantity and proportion of resources. 
(4) Optimization of the cropping pattern mix needs detailed data 
on seasonal complementary among labor, animals, and machines. To 
simplify the LP model and reduce computation costs, ~ developed an 
"assembly line" method to identify key periods of overlap in resource 
demand among alternative production activities. 
lrn general, there is a mix of cropping patte rns for a given 
region or unit. We classified the c ropping patterns into "main" and 
"secondary" according to the rank of the percentages of their plated 
area to total sown area. 
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MODEL STRUCTURE 
Background Information 
Quotas 
The local government assigns an annual quota to each production 
team, specifying a certain amount of physical output that must be sold 
to the county. Yu Fa is asked to sell 9938 jinl of grain and 2834 
j in of peanuts. 
Land 
Excluding private plots, Yu Fa owns 942.l mu2 of cultivable 
land. 905 .1 mu are not suitable for rice, while 37 mu are paddy 
fields . As for soil quality types, there are 100 mu of type I 
(excellent) land, 482.1 mu of t ype II (medium) land and 360 mu type 
II I (poor) land • 
Labor 
The team has 253 laborers, of whom 135 work on crop production. 
The others are engaged in nonagricultural activities for most of the 
lA unit of weight in China ( = 1/ 2 kilogram or= 1.1023 lb. ) . 
2A unit of area in China ( 0.0667) hectares). 
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year. According to the rate of attendance and conversion rates , 1 
these 135 laborers are equivalent to 109 . 2 full-time laborers . 
Besides this, during the labor peak period, the team can use 59 other 
workers , t he equivalent of 51 . 3 full- time workers . 
Animal traction 
Yu Fa has 8 horses and mules and 12 oxen and donkeys. Under 
Chinese farm accounting practices, these are viewed as animal-force 
units. 
Machinery 
The team has one 75-hp. and two 55-hp . tractors. There are also 
a combine and two 12-hp. hand tractors . During the peak production 
period, a rented tractor is provided to the team by the brigade to 
which it belongs. 
Fertilizer 
Organic fertilizer comes mainly from the team's 168 collective 
pigs, 301 private pigs owned, 10 horses (raised for the supply and 
marketing cooperative), the other animals mentioned above, and human 
producrion. 
Demand for chemical fertilizer is based on the optimal total 
utilization of fertilizer, which is in turn endogenous to the model 
1Males 18-60 years of age are taken as standard full-time 
equivalents with a value of 1. 0 . All others, including younger and 
older males and females, have conversion rates less than 1. 0 . 
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and is a residual obtained from the balance between soil nutrients and 
crop output. 
Capital 
In 1980, the team's total income was 432,280 yuanl, of which 
collective agricultural income was only 93,775 yuan, and private 
sideline income was about 75% of total income. Because net income 
constituted about 55% of total income, there was no problem of cash 
flow in agriculture. 
Cropping patterns 
We included both single- and double-cropping patterns for the 
team. Crops could be grown as double crops (non-ridged or ridged) or 
relay crops, triple crops, and semi-relay crops (all ridged). Typical 
rotations _included wheat-com, wheat-peanuts, wheat-corn-corn, 
wheat-corn-green manure, wheat-sweet potatoes-corn, wheat-corn-
soybeans, spring barley-corn-green manure, spring peanuts, spring 
corn , rice, vegetables and so on. 
Yields and Profits 
The yields of the different cropping patterns ~re determined by 
averaging the yields to the team during 1977-1980. Net pr ofits were 
derived by subtracting from average crop value in 1977-80 the average 
labor and capital costs. 
11 yuan = 0.46 U.S.$ (1984). 
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Activities 
After detailed investigation of the situation of the team, we 
chose 55 production activities. They incl ude : 
x2a - Xz9 = 
X30 - X32: 
double non-ridged wheat - corn on type I and II land 
double non-ridged wheat - peanuts on type I and II 
land 
triple ridgedl wheat-com-corn, on I, II , and III 
land 
triple ridged wheat-corn on type I, II, and III 
land 
triple ridged wheat-sweet potatoes-corn, on type I, 
II, and III land 
triple ridged wheat-corn-soybeans, on type I, II 
and III land 
triple ridged spring-barle y- corn on type I, II 
· and III land · 
triple ridged spring barley-peanut-peanuts on type 
I and II land 
double ridged wheat-corn on type I, II, and III 
land 
double semiridged wheat-corn on type I, II and 
III land 
single ridged spring peanuts on type I and II land 
single ridged spring corn on type I, II, and III 
land 
rice on type II land 
vegetables on type II land 
lA triple ridge is 7 . 5 Chinese feet wide, whil e a double ridge 
is 4.5. 
X45 
X46 
X47 
X4s 
X49 
X50 
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meet the wheat quota imposed by the state 
sell above - quota wheat to the state at a premium 
price 
meet the corn quota 
sell above - quota corn 
meet the peanut quota 
sell above quota peanuts 
transfer nightsoil 
raise the team's own horses and mules 
raise donkeys and cattle 
raise horses and mules owned by the supply and 
marketing cooperative 
raise the teams collective pigs 
raise private pigs by individuals in the team 
purchase straw for feed 
burn straw as fuel 
burn s traw on the land 
use straw in organic fertilizer 
buy nitrogenous fertilize r, (NH4) S04 
buy phosphate fertilizer, Ca(H2Po4) 2 x HzO 
buy potash fertilizer, K2so4 
transfer labor during the labor peak period 
rent a 55 horse-power tractor during the pr oduction 
peak period 
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Constraints 
Planting 
Multiple Cropping Index (MCI)l In China, forced by popula-
tion pressure, farmers plant almost all of the cultivable land. 
Therefore, the lower bound of the MCI is 100%. Also, natural condi-
tions (such as temperature, solar radiation, precipitation, types and 
fertility of cultivable land and economic conditions (such as labor, 
animal force units, machinery, chemical fertilizer, and capital) 
impose an upper bound on the MCI. 
In general, in the east-central area of China, the present upper 
bound is slightly below 200% and the lower bound slightly above 100%. 
This is because a double cropping system based on wheat and corn i s 
mainly used. By contrast, if our team had been located in southeast 
China, we could have set the upper bound as a number below 300% and 
the lower bound generally above 200% , since a triple cropping sys tem 
based on rice is mainly used. 
Sown area The amount of cultivable land is usually fixed from 
year to year, but the sown area is changed each year because of the 
extension of multiple cropping. 
In China, in order to practice a planning economy, the central 
government asks the local government and ult i mately the production 
l(By definition, MCI sown area cultivable land area x lOO%). 
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team to sow a certain area of principal crops t o ensure the 
equilibrium of supply and demand for the crops. Therefore, there are 
some constraints affecting sown area which come directly from the 
local government. Sown area is also limited by demand for products 
such as vegetables, or by agronomic factors (for example, peanuts are 
suitable for planting on sandy soils). 
Physical output There are three reasons for the existence of 
constraints on physical output. First, the government asks each 
production team to sell to it a certain amount of some types of 
physical output to ensure the needs of the urban population and 
industry (provided, of course, there is excess compared with the need 
of the production team itself). Second, the production team generally 
needs to supply enQugh physical outputs especially grain) for its own 
people. These physical outputs can be classified as grain, oil crops , 
vegetables, and so on. Third, both the gove rnment and the production 
team need to look for a certain annual equilibrium between summer 
grain output and fall grain output. In this way , one season's harvest 
can be used to compensate the other season's shortfall in the event of 
a calamity i n one season. 
By-products The principal crop by-product in Yu Fa is straw. 
Straw is used to feed animals such as horses, cattle, mules, and 
donkeys. It i s also used for fuel for team member households. 
Alternatively, it may be burned directly on the land in o rder to 
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return nutrients to the soil and improve fertility. In addition, straw 
is used in mixing farmyard manure. All these uses form separate 
constraints on the minimum straw produced. 
Animal husbandry 
Bead of raised animal These constraints are based on an 
equivalent transformation since their excrement and urine will be used 
to produce farmyard manure. 
The relationship between animal husbandry and crops To feed 
these animals, we added constraints on gr ain because the government 
allows a certain amount of grain to feed a given type of animal . 
Also, we included a constraint t o regula t e the mixture of s traw and 
grain in livestock rations. In addition, we imposed another 
constraint on the straw which may be purc hased for feed because of the 
shortage of capi t al and the limited market supply of straw. 
Fertilizer 
Fertilizer constraints were constructed with the following 
formula: 
Minimum Nutrien t Input 2 Nu trient contained in the output. 
The formula can be expanded as 
< I n s n s I no n o I n c 
where: 
K coefficient of a certain nutrient in a unit of given crop . 
QE expec t ed output of a certain c rop per unit of land 
I• 
T) s . 
T) s. 
Qs: 
T) I• 
0 
T) 0 
n I• 
" c . 
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rate utili zed of a certain nutrient in the soil 
coefficient which expresses how much of a given 
nutrient is contained in each unit of soil 
quantity of soil per unit of land 
rate utilized of a certain nutrient in organic 
fertilizer 
coefficient which expresses how much of a given 
nutrient is contained in each unit of organic fertilizer 
expected quantity of organic fertilizer to be used on 
each unit of land 
rate utilized of given nutrient contained in chemical 
fertilizer 
n c' coefficient which expresses how much of a certain 
nutrient is contained in each unit of chemical fertilizer 
Qc: expected quantity of chemical fertilizer to be used on 
each unit of land 
According to the formula, we formed three constraints for the 
three nutrients N, P2o5 , and KzO, respectively. We also imposed 
market supply constraints for chemical fertilizer. 
Labor, Animals and Machinery (the assembly line approach) 
In past research, linear programming usually has constructed 
resource constraints for a year, season, or peak period. Typically in 
U.S. or European agriculture, there are only a few cropping patterns 
or rotation activities. One may then constrain all activities 
involved in all crops because the number of this kind of constraints 
is limited. But if there are numerous cropping patterns to be chosen 
and many types of soil, then excessive resource constraints waste 
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human and computer time . This is particularly true if one peak period 
overlaps another. 
For our example, there are ten blocks together (Figure 3). 
Therefore, we need ten constraints to describe only these three activ-
ities on only one type of land during only one period if we do not 
work further. 
To deal with this problem, we suggest the use of an "assembly 
line" method to reduce the number of constraints on labor and other 
resources . The assembly line method may be summarized in six 
steps: 
Step 1. Assess all labor needed for each kind of work during 
each period within the whole process (year) for each 
activity of each cropping pattern on each type of land. 
Step 2. Using a time schedule, draw all lines to represent each 
kind of t.10rk during each t.10rking period for each activ-
ity . 
Step 3. Mark the average labor needed for each unit of land and 
for each day of the period on the drawn lines, i.e. 
divide the labor needed for each unit of land and each 
period by the days in the period. 
Step 4. Comparing all lines, group them into blocks which con-
tain only some parts of lines. 
Step S. Choose those blocks whic h include other blocks as their 
subsets and cannot become any other block's subset, i.e. 
choose the blocks which contain only comparatively 
numerous lines as the constraints in the model. 
Step 6. Determine the coefficients of the constraint by summing 
the marked average labor amounts on every line for each 
activity within the chosen block . The upper bound of 
the constraint is determined by the labor provided 
during that part of the period. The time period of the 
constraint is the length of the block. 
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To save time, one does not need to repeat this procedure for 
those activities which represent the same cropping pattern on 
different types of land if the only difference is in the labor needed . 
Rather, one just works on one of those activities and then modifies 
the marked value for the other activities using the same 
configuration. 
To illustrate the "assembly line" method, suppose ~ have three 
types of multiple cropping patterns on the same type of l and: type I 
(x-y), type II (x-y-z) and type III (x-y-y), where x , y, and z repre-
sent the different crops. For convenience, t;o.ie show only the period 
June 10 to June 30. 
Step 1. Assess all different types of labor for each of 
these three activities during the given period, 
separately . There are six, five and eight kinds 
of work for x-y, x-y-z and x-y-y, respectively. 
Step 2. According to the time schedule, we draw all six 
lines to r epresent all six different kinds of labor 
during the period for x-y. Similarly, we draw five 
lines for the x-y-z and eight lines for x-y-y (see 
Figure 1). 
Step 3. Mark the average amount of labor needed for each 
day during the period on the drawn lines, respec-
tively. For example, for x- y, of the first type 
of work (1) for each unit of land during the period 
requires 0.4 laborers and the time needed to finish 
the work (1) is from . June 10 to June 15, then the 
amount of days in the subperiod is six . Thus, ~ 
need 0.4 / 6 = 0.067 labor/ day for per unit land to 
finish this work. We mark 0.067 on the first line 
of x-y activity. Similarly, we mark all numbers 
needed on all remaining lines in our picture 
(Figure 1). 
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JUNE 
10 12 13 15. 17 20 22 24 25 27 30 
1 0.067 
2 0.013 
3 0.021 Type I 
4 0.005 X-Y 
5 0;123 
6 0.047 
1 0.016 
2 0.023 
3 0.041 Type II 
4 0.017 X-Y-Z 
5 0.007 
l 0.101 
2 0.027 
3 0.019 
4 0.087 Type III 
5 0.002 X-Y-Y 
6 0.011 
7 0.009 
8 0.201 
Figure 1. Assembly lines 
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Step 4. Divide all the lines into blocks. Note that, at the 
beginning and end point of each line, there must be a 
separate vertical block line (Figure 2-a). Thus, no 
twio blocks can contain the same line segment (See 
Figure 2-b). Nor can any block contain interrupted 
lines (Figure 2-c). 
Step 5. Choose the key blocks as the constraints in the model. 
Because blocks I, II, and IV are all subsets of 
block III and block III is not a subset of any other 
block, we choose block III as a constraint. Note 
that, although the amount of lines in block III is 
greater than that of in block V, we can't use block III 
instead of block V because block V is not a subset of 
block III. Similarly, blocks V and VI are subsets of 
block VII, and blocks VIII and X are subsets of block IX. 
Therefore, we need only include blocks III, VII, and IX 
as constraints in our model. 
Step 6. Determine the coefficient for each constraint. For 
block III, the coefficient for activity x-y is the 
sum of the marked amounts on all three lines (1), (2), 
(3) of the activity within the block (see Figure 3). 
Thus we can calculate the coefficient for x-y: 
Q.067 + 0.013 + 0 .021 ~ 0.101 
Similarly, 
0 . 016 + 0. 023 = 0.039 for x-y-z and 
0.101 + 0.027 + 0 . 019 = 0.147 for x-y-y. 
If labor supply is limited to 50 laborers per day during the sub-
period, then we have the following constraint: 
0 .101 (x-y) + 0.039 (x-y-z) + 0.149 (x-y-y) < 50 
Objective Functions 
As mentioned, we need to establish two objective functions for the 
LP model. First, the team needs to maximize its physical output to 
I II 
Figure 2- a 
Correct 
I II III 
Figure 2-b 
Wrong 
Figure 2-c 
Wrong 
I 
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I and II can be combined into 
one block shared line segments 
in these t~o blocks. 
I should be divided into two 
blocks because of an interrup ted 
lines . 
Figure 2 . Situations fo r dividing the blocks 
JUNE 
10 
1 
1 
1 
12 13 
2 
3 
2 
2 
3 
15 
0 067 . 
0.101 
0.027 
I II III* 
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17 20 22 24 25 27 
0.013 
0.021 
4 0.005 
5 0 . 123 
6 
0.01€ 
0.023 
3 0.041 
4 0.017 
5 
0.019 
4 o. 08i 
5 0.002 
6 0 . 011 . 
7 
B 
IV v VI VII* VIII IX* 
Figure 3. Determinants of the blocks 
30 
0.047 
0.007 
0.009 
0.201 
x 
Type I 
X- Y 
Type II 
X-Y- Z 
Type III 
X- Y- Y 
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satisfy its own and the nation's needs. Second, the team needs to 
maximize net economic value to become richer. 
The problem is the trade-off between the two objectives. It is 
obvious that, unless yields of all crops are proportional to their re-
spective prices, one cannot satisfy the two objectives at the same 
time. The three choices are: 
1. maximize physical output but neglect economic output 
2. maximize economic output but neglect physical output, or 
3. trade physical against economic output. 
For these three situations, we need to set two weights to show 
how people might evaluate the two objectives in their minds. 
Given two objective functions c1 (X) (i = 1,2) where x repre-
· sents activity vectors. The 1..ieighting coefficients a 1 and a 2 
correspond to c1 and c2 , respectively. If a 1 + 
then ~ have a new composite objective function 
C(X) = a 1 c1 (X) + a 2 c2(X) 
a 1 c1 (X) + (1 - a 1 ) Cz(X) 
It is obvious that 
1. if a 1 = 1 then C(X) 
situation above. 
2. if a 1 = 0 then C(X) 
situation. 
C1(X), which represents the first 
Cz(X) which represents the second 
3. if 0 < a 1 < 1, then C(X) = a 1c1(X) + (1 ~ 1 )c2 (X) 
= C3(X), which represents the third situation. 
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Considering that c 1(x) and c 2(x) possess different units, we 
must standardize them before adding them together to avoid bias . We 
do this by dividing each function by its expected value. 
Assume c1*(X) and c2*(X) are the expected values of the 
objective functions c1 and c2 respectively : 
c.iix) 
c1*(X) 
C2(X) 
c2*(X) 
and 
Finally, we may standardize our joint objective function: 
c I (X) = 
We have transformed multiple objective functions with different 
units into a single objective function without units . The reference 
values we chose ' for C*i and C*2 were t~e ave rages of physical and 
economic output during the previous three years (1977- 1979) . 
To reflect the single de-unitized objective function, we must add 
to our LP model two new const raints and two new activities (x56 
and X57) t o satisfy the following conditions: 
Ci..(_X) _ 
c1*(X) X56 
0 and 
~(_X) 
C2*(X) X57 0 
or c1(X) - C1*(X)X56 0 and 
C2(X) - C2*(X)X57 .. 0 
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Furthermore, we may give c1*(X) X56 and Cz*(X)X57 
weighted coefficients al • and 1 - a 1 , respectively. We form a 
new single objective function C(X): 
C' (X) (1 _ a l) C2(X) 
(Cz*(X) 
To simplify the problem, we choose O.l as a step difference to 
compute C'(X) for values from a 1 = O. O to a 1 = 1. 0 . 
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RESULTS AND DISCUSSION 
Results 
The results of the LP runs determined that: 
I 
1. When a1 = 0 or a1 = 0. 1, Max C(X) ~Max C2(X) 
This result implies that the objective of maximizing the physical 
output has no influence on the total objective when a 1 = 0 or a 1 
= 0.1. 
I 
2. When al = 0.4 to 1.0, Max C(X) =Max c1(X) 
This result implies that the objective of maximizing economic 
value has no influence on the total objective when a 1 = O. 4 t o 
l. 0 . 
3. When a l = 0.2 or a l = 0 . 3 
Max C' (X) = 
[ c1 (X) Max a 1C1 * ( X) 
This implies that in this range both objective functions 
influence total output in the same way. 
Comparing the three results using continuous values of a1 in 
the objective function, we obtain: 
Max c1 > Max c3 > Max c2 
Thus, a trade-off occurs only when a1 is > 0 . 1 or ( 0.4. To 
explain the computer output , we developed a set of plans for the Yu Fa 
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team in 1982. For ease in comparison, Plan I maximizes physical output . 
Plan III maximizes the economic value of output, and Plan II reflects 
the trade-off between physical and economic output. Finally, we 
introduced plan IV to reflect actual crop patterns and incomes in 1982, 
a period in which the gove rnment allowed production teams to balance 
physical and economic objectives. 
Because ~ were interested in the ratio of different cropping pat-
terns, ~ computed the percentages (%) of different cropping pattern for 
the different plans and tabulated them with the final results for both 
o~jective functions (Table 1). 
Discussion 
Comparison of single objectives 
Plan I vs. Plan IV The physical output of Plan I increased by 
18057.5 jin or 2 . 42% over Plan IV (Table 1). Economic output in-
creased by 4841 . 2 yuan or by 6.45%. 
Plan III vs. Plan IV Physical output of Plan III increased by 
11406.9 jin or 1.48% over Plan IV. Economic output increased by 5082 
yuan or 6.98%. We concluded that either Plan I o r Plan III dominates 
current production patterns with respect to either physical or econom-
ic product. Why? A more detailed analysis suggests three reasons why : 
First, in Plan I non-ridged double cropping is the main production 
crop pattern for the team; in Plan III, while not the main cropping 
pattern, its percentage is very close to that of the main cropping 
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Table 1. A comparison of all plants: main cropping patterns and 
objective re sults 
Plan l Plan II Plan III Plan IV 
Double crops 
non ridged % 33. ll 31.30 26 . 59 23.8 
Double crops 
relay ridged 26 . 84 22.42 26 . 85 
Triple crops 
semi relay-ridged 20 . 53 26 . 70 27 . 06 49 . 9 
Total 
c 1. 21696 1. 2017 1.19836 
Phys . output 
C1(jin) 791025 . 5 788382.5 783774 . 9 722308 
Econ. output 
c2 (yuan) 77052 . 4 77798 . 3 77893 . 2 72811 
pattern. In Plan IV, by contrast, the main cropping patter n is 
semi-relay, ridged, triple crops . This choice directly decreases the 
value of both objective functions for Plan IV. 
Second, Plans I and III, for the second and third crop combina-
tion of semi relay-ridged triple crops, abandon continuous cor n for 
green manure or soybean . These measures enhance soil fertility and 
therefore physical and economic product . 
Third, Plans I and III decrease single-cropping of peanut by 
44.2% and increase the double cropping pattern (including peanut) by 
61 .3% and 61.4%, r espectively . 
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Choice of the optimal plan 
Comparing Plan I with Plans II and III (Table 3), we discover: 
1) For objective c1 , Plan II is decreased by 2643 jin or 0 . 33%, 
while Plan III is decreased by 7250 jin or 0 . 92%. 
2) For objective c3 , Plan II is increased by 6145 . 5 jin or 
8.48%, while Plan III is increased by 6240.2 jin or by 8 . 71% . 
Therefore, if we choose Plan I over Plan II, we must trade off 
6145 . 5 yuan of economic returns for 2643 jin grain output. If ~ 
choose Plan I over III, we must give up 6240.2 yuan for 7250.l jin. 
It is clear that either Plan II or Plan III is better than 
Plan I. In the former case, the team could spend money to buy these 
2643 jin of grain at the cost of 2.33 yuan/j in and still break even. 
This is roughly ten times the above quota price of grain . In the _latter 
case, the team could spend up to 0.86 yuan/jin, about four times the 
price of grain. 
Comparing Plan II with Plan III, we find that Plan III has 4607 .6 
jin less total physical output than Plan II but 94.9 yuan more total 
economic output. Choosing Plan II over Plan III, implies that we can 
buy 4607.6 jin grain at the cost of merel y 0 .021 yuan/jin, much lower 
than the above-quota price. Thus, Plan II is much better than Plan III 
because it achieves both higher physical and economic output, and is 
more beneficial to both the state and the team. 
The lower section of Table 3 provides further evidence as to why 
Plan II is optimal by showing the overall distribution of gr ain 
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Table 2. A comparison of all plans: all cropping patterns 
Plan 1 Plan II Plan III Plan IV 
Xl double nonridged 
wheat-corn on 90.4 90.4 33.0 100 . 0 
type I land 
(mu) 
X2 double nonridged 
wheat-corn on 73 . 0 S6.7 120.9 3S . O 
type II land 
(mu) 
X4 double nonridged 
wheat-peanut 14S.2 14S.2 87 . 9 90.0 
on type II land 
(mu) 
X6 triple ridged 
w-c-c 70 . Q 
on type III land 
X7 triple ridged 
w-c-c 
on type III land 300. 0 
Xl2 triple ridged 
W-SP-C so.a so.a 40 . 0 
on type II land 
Xl3 triple ridged 
W-Sp-C so.a 
on type III land 
Xl4 triple ridged 
w-c-s 9.6 9.6 9.6 
on typle I land 
Xl6 triple ridged 
w-c-s 40 . 4 40 . 4 40 . 4 
on type III land 
Xl9 triple ridged 
spring barley-C lS0.2 109.0 92.9 
on type III land 
X20 triple ridged 
SB-C-PC S7 . 4 
on triple I land 
X26 double semi ridged 
w-c 92.0 S8.3 4S . S 
on type II land 
X27 double semiridge 
w-c 99.4 190.6 206.7 
on type III land 
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Table 2 (continued) 
Plan 1 Plan II Plan III Plan IV 
X29 single ridged 
spring peanut 124.8 124.8 124.8 170.0 
on type II land 
X31 single ridged 
spring corn 30.0 
type I land 
X32 single ridged 
spring corn 20.0 20.0 20.0 
type II land 
X33 rice on 
type II land 37.0 37 . 0 37.0 
X34 vegetable 
on type II land 10. 1 10.1 10 . 1 
Table 3. A comparison of all plans: all outputs 
Plan 1 Plan II Plan III Plan IV 
Cl (Physical output) 791025 . 5 788382.5 783774.9 772368 
jin -2643 - 7250 . 6 
compared with Plan I -0. 33% -o. 92% 
Cl (econ. output) 71652.8 77798 . 3 77893 . 2 72811.2 
yuan +6145.5 +6240.2 
comeared with Plan I +8.58% +8. 71% 
Total grain output 664649.9 662006.8 655677.8 630368 
compared with Plan I -2643.1 -8972.1 
-0.4% -1. 35% 
Summer grain 334327 . 2 333271. 8 328659 . 5 297150 
compared with Plan I -1055.4 -5667.7 
-0.33% -1. 7% 
Fall grain 330322.7 320734.0 327018.4 332270 
compared with Plan I -587.7 -3304 . 3 
-o. 18% -1.09% 
Total peanut output 50575 . 4 50575.4 512638 . 8 50575 . 4 
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production for each plan. For the physical objective, Plan II and 
Plan IV contribute less than Plan I. There are two reasons: 
1) The decrease in physical output is mainly due to the decrease 
in grain (for Plan II and III, it decreased by 0.35% and 1.35%, re-
spectively) but not peanuts (for Plan Ils and III, it decreased by 0 
and increased by 1.36%, respectively). Peanuts are a higher valued 
crop than grain. 
2) The decrease in grain is mainly due to the decline in summer 
grain but not fall grain (for the summer grain, it decreased by 0.32% 
and 1.7% for Plans II and IV, respectively; for fall grain, it de-
creased by 0 . 18% and 1.00% for Plans II and III, respectively) . In 
general, the cost of summer grain (wheat) is higher but the yield is 
lower, and the cost of fall grain (corn) is lower but the yield is 
higher. Therefore, lowering the ratio of summer to fall grain is a 
benefit to the team. The results show that in Plan II , economic out-
put increased although physical output declined. 
Partial shadow price analysis 
Shadow price can be used to measure the value marginal productiv-
ity of the team's resources. For the single goal of maximizing prof-
its, the shadow prices reflect the economic value directly; therefore, 
this type of shadow price can be termed the "direct" shadow price. 
For the multiple goals, the shadow prices reflect the economic values 
indirectly, i.e., the de-unitized value of the shadow prices should be 
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divided into the multiple dimensions which r epresent each goal 
separately; therefore, this type of shadow price can be termed 
" indirect. " 
While the implication of the direct shadow prices is clear, the 
implication of the indirect shadow prices is ambiguous depending upon 
the value of the ~ight parameter a i for each goal . The same value 
for an indirect shadow price may de r ive from different combina t ions o f 
t r ue (direct) shadow prices under multiple goals with di f ferent 
weights . Although t he indirect shadow prices may vary in the same 
direction as the direct shadow prices, the economic value fo r each 
goal may be different f r om one weight to another. Thus, indirect 
shadow prices f ail to explain an economic process clearly . Because of 
t he lack to date of ~ algebraic formula to derive direct f r om in-
direct shadow prices, ~ suggest the use of "partial" shadow price 
analysis . 
From the model structure, ~ have the standar dized joint objec-
tive function 
Taking t he total differential fo r this func tion, fo r a given 
a 1, we have 
dC'(X) = 
Consider ing that C1* (X) and C2* (X) a r e constant, then 
dC I (X) 
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It is obvious that dC'(X) represents the indirect shadow price 
for our multiple goal C'(X) if we relax a unit of a relevant 
constraint. 
c1(X) C2(X) d Also, d[Ci*(X)] and d [c2*<x)l represent the deunitize 
direct shadow prices, and dC 1(X) and dCz(X) represent the 
unitized direct shadow prices, respectively for the single goals 
C1(X) and Cz(X). 
We can make the following comparative analysis 
Assume d Cz(X) = 0 but d C'(X) i 0 and d c1 (X) ~ 0, then 
given dC'(X), we have 
Similarly, assume dC1(X) m 0 but dC'(X) 1 0 and dC 2(X) r 0, 
Given ~C'(X), we have 
d Cz(X) = 1 1 - a 1 Cz*(X) d c I (X) 
Under the assumptions above, we term the direct prices d c 1(x) and 
dCz(X) which correspond to a single goal respectively, the "partial 
shadow prices" in the multiple goal problem. Using the two general 
algebraic formulas above, we can easily derive the partial shadow 
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price from an indirect shadow price obtained from the computer 
printout directly, and perform partial shadow price analysis using the 
result. Table 4 gives all indirect shadow prices without units and 
derived partial shadow prices with units for all relevant constraints 
of Plan II, i.e., under which the weight parameter a1 = 0.3. 
From Table 4 we conclude 
1) The team should continue to extend the double cropping system 
as quickly as possible. This is because the indirect shadow price for 
the MIC is 0.00165 within the range 178.2 t o 183 . 7, i.e., if we in-
crease MCI by 1 unit, then the objective function C'(X) will increase 
0.00165 unit. Directly, the partial shadow prices for MCI are 321 . 8 
(jin) and 75.08 (yuan) which corresponds to c 1(x) and c 2(x) re-
spectively; therefore, if we increase MCI by 1 unit, the objective 
function C1(X) (physical output) will increase by 321.8 jin or 
0.04%, holding C2(X) constant. Alternatively, the objective func-
tion C2(X) (economic output) will increase by 75.08 yuan or 0 .1 4% 
holding c1(X) constant . The increase seems more rapid for the 
economic objective. 
2) If possible, the team should decrease the sown area of oil 
crops and spring corn because their indirect shadow prices--for given 
ranges and, therefore, their partial shadow prices--are all negative. 
Notably, it is more beneficial to decrease the sown area of oil c rops 
first because both its indirect and partial shadow prices are more 
than twice those of spring corn. 
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3) At the same time, the team should increase the sown area of 
soybeans, sweet potatoes, vegetables and rice because their indirect 
shadow price, and therefore their partial shadow prices are all 
positive for a certain range. We may order vegetables first, then 
soybeans and rice; and finally, sweet potatoes, according to either 
their indirect or partial shadow prices. 
4) We suggest that the Yu Fa team make every attempt to convert 
type III land into type I land. From Table 4, if we decrease a mu of 
type III land, we will increase the physical output c1Cx) by 62.4 
jin or the economic output c2Cx) by 14.56 yuan holding the other 
goal constant. If we increase a mu of type I land, we will increase 
the physical output by 19.5 jin or the economic output by 4.55 yuan, 
holding the other goal constant. Finally, if we can increase one mu 
of type I land by improving one mu of type III land, we can ceteris 
paribus, increase the physical output by 624 + 19 .5 = 81 . 9 jin or the 
economic output by 14.56 + 4.55 = 19.11 yuan . 
5) During the peak period of July 6 - 10, the team should at-
tempt to increase the amount of animals available in order to raise 
both physical and economic output. The derived shadow prices in 
Table 4 show that, ceteris paribus, we will increase the physical and 
the ecnomic output by 425 . l jin or 99.19 yuan, respectively, if we 
increase a head of draft animals within the range 20.l to 25.0 . This 
fact implies that there may be a shortage of draft animals during the 
peak period. 
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CONCLUSIONS 
The discussion has s hown that: 
1) LP is an effective evaluative tool in the agriculture of 
China, as in other countries . For a representative production team, 
we added some considerations specific to China and obtained satisf ac-
tory results . Comparing the optimal solution with the present plan of 
the team, we concluded that the LP model can be used to help the team 
achieve both higher physical and economic output. 
2) LP is effective for the optimization of cropping pattern mix. 
For this production team, we specified an LP model which first stated 
some constraints (such as labor, animal force and machinery) in great 
detail, and then used an "assembly line" method to reflect in .a sim-
plified manner all possible intertemporal factor demands. The optimal 
mixture of cropping patterns is much better than the present one and 
serves as a guidepost t o developing cropping systems in the future. 
This research was based upon data from 1980, which reflect the 
early period of the prod uction responsibility system in China. The 
principles and methods discussed in this essay are still effective, 
but new modificatio ns may be necessary to reflect recent developments 
in the production responsibility system. 
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PART TWO: TIIE OPTIMAL MULTIPLE CROPPING INDEX FOR A CHINESE 
PRODUCTION TEAM: A NEW GAME MODEL APPROACH 
40 
INTRODUCTION 
Statement of the Problem 
Position of cropping systems in China ' s agriculture 
Agriculture in China is known throughout the world for its multi-
ple cropping systems . Previous research has shown that the area of 
cultivable land used for sequential cropping! in China is about 
50 percent of that in the world, while the area used for relay crop-
ping2 patterns and intercropping3 patterns accounts for 33 percent 
of the world total. For China itself, the area of the cultivable land 
used for multiple cr opping systems (and used to produce about 
75 percent of total grain output) is estimated in excess of 50 percent 
of that in the whole country. 
Faced by the pressure of a huge and growing population since 
1949, the Chinese government has adopted a series of policies to in-
crease crop output. These policies focused on increasing the Multiple 
Cropping Index (MCI)4 and improving and extending multiple cropping 
lsequential cropping refers to the cultivation of a second crop 
after the harvest of a first crop within the same year and in the same 
field 
2Relay cropping is like sequential cropping, except the second 
crop is planted before the harvest of the first crop. 
3Intercropping involves cultivating two or more crops in the 
same field at approximately the same planting and harvest dates. 
Planted Area x 100% 
Cultivable land a rea 
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patterns. To a certain extent these policies were helpful for the 
Chinese government to feed 24 percent of the world's population on 
only 7 percent of the world's cultivable land. But central fiat may 
have carried a good thing too far, causing a loss in absolute output 
and economic profitability. The question arises "What is the optimal 
MCI for China?" 
Success and failure 
The success of the policies is obvious. Total grain output in 
1978 increased 2.7 times as against 1949 while average grain yield per 
hectare increased 2 . 45 times. The Chinese government could satisfy 
its people's basic need for agricultural commodities while population 
rose by 400 million people (69.8 percent) over the same period. 
However, there are still problems. Although the Chinese govern-
ment announced that it "takes grain as the key link and ensures all 
round development," local officers in some places overstated the im-
portance of physical output compared with economic profitability . 
These officials often consider physical output the sole objective; by 
neglecting economic output they neglect "all round" development. By 
ignoring natural and economic conditions they have encouraged and even 
forced production teams to increase the MCI and extend some new crop-
ping patterns unreasonably. This causes the paradox that some produc-
tion teams have increased physical output but sacrificed income. The 
failure of the policy resulted from focusing on only a single objec-
tive. 
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Adjustments since 1978 
After 1977, the Chinese government has recognized the problem of 
promoting a single objective. It has combined the principle of taking 
grain as the key link in all round development with encouraging farm-
ers to get rich. Local governments have also paid more attention to 
the objective of economic output than before; therefore, the whole 
nation has turned to multiple objectives. 
To approach these goals, the Chinese government has applied some 
measures which can be classified into two categories: 
(1) Appropriate adjustments of the Multiple Cropping Index (MCI). 
There is a specific type of adjustment for each of three different 
types of area: 
(a) Where natural (solar radiation, heat, and water) and 
economic (labor, draft animals, machinery, ••• and so on) conditions 
are comparatively better and grain yields higher, the government 
continues to encourage maximum MCis with little adjustment. 
(b) Where natural and economic conditions and grain yields 
are only moderate, the government is asking farmers to reduce the MCI. 
It is also helping them to improve natural conditions in order to 
increase the MCI in the near future. 
(c) Where conditions and yields are bad; the government needs 
to ask farmers to decrease the MCI to a greater extent and to help 
them to improve conditions step by step. 
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(2) Choosing the optimal mix of cropping patterns. 
Based on different types of natural and economic conditions in 
different places, the government needs to help farmers choose the op-
timal mix between both different individual crops and entire cropping 
patterns. 
Problem 
Naturally, the policy to adjust the MCI presents two questions: 
Is there an optimal value for the MCI? If so, how do we calculate the 
optimal value? 
In a certain sense, one can obtain the optimal value of the MCI 
using standard methods. But the use of multiple objective functions 
makes our search for the optimal value of the MCI a new topic. 
Furthermore, in this article we will attempt to use regression tech-
niques to form a game model to solve the problems mentioned. 
Brief Review 
Research objectives and data sources 
To explore the problems concerning the optimal value of the MCI, 
we selected a production team named Yu Fa located in Da Xing county 
near Beijing. The data came mainly from the statistical bureau and 
the weather station of the county . 
Research Methodology 
First, we constructed linear multiple regression models and as-
sembled them into a game model. We then used linear programming (LP) 
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to solve this game model . The model solution yielded both the optimal 
value of the MCI and insights into modeling similar problems . 
Propositions 
We established three general propositions: 
1) Game theory can be employed to solve the problem of multiple 
objectives in Chinese agriculture. Specifically, we posited that the 
maximin strategy could be used to trade off maximal physical against 
economic output. We hoped to be able to choose the saddle point to 
correct the situation of neglecting economic output . 
2) Game theory can be employed to contribute to t he optimization 
of the MCI . Specifically, we predicted that the maximin strategy 
could be used directly to result in the optimal value of the MCI . We 
posi ted that there t«>uld exist a meaningful optimal value of the MCI 
for a specific production team. 
3) A successful application of game theory needs a combination 
of statistical and optimization techniques. To build an LP model, we 
felt that statistical methods such as multiple regression and stepwise 
regression would be needed to form some constraints based on the 
linearized prediction ranges for some independent variables . We also 
wished to demonstrate a method of incorporating econometric models in-
side a mathematical programming model. 
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MODEL STRUCTURE 
Basic Idea 
The thrust of our model is to use the maximin s t rategy of game 
theory to obtain the saddle point where the MCI is optimized under a 
trade-off between physical and economic output. Using statistical re-
gression techniques, we built an LP model which reflects game theory. 
Therefore, the key feature of the model is econometrics inside mathe-
matical programming, i.e., a combination of statistical knowledge and 
optimal technology . 
Econometrics Inside Mathematical Programming 
Or iginal multiple linear regression models 
In agriculture, physical or economic output is determined by the 
levels of natural and economic factor inputs when prices of all eco-
nomic factors are held constant . Algebraically, 
Yi = F(NF, EF) 
where: 
Y1: amount of 
Y2 : amount of 
NF: amounts of 
EF: amounts of 
(i=l, 2) (1.1) 
physical output 
economic out put 
natural fac tors input 
economic factors input 
Using linear multiple reg re ssi on, we can expand model <1.1) into two 
detailed r elationships : 
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( 1 . 2) 
and 
Q I Q t A.AD Q t An + f3 1 AFA + f3 1 AL + f3 ' AK + U' Y2 = µo + µ1 + µ2 aL" 3 4 s ( 1.3) 
where: 
Y2: 
A.AD: 
AP: 
APA: 
AL: 
AK: 
annual total physical output measured in units of grain 
(jin)l 
annual net returns to crop production (yuan) 2 
annual accumulated degrees above 0°C (°C) 
annual precipitat ion (mm) 
annual planted area (mu) 
annual use of agricultural labor (number of standard 
laborers) 
annual use of agricultural capital (yuan) 
Si, and SI (i • 0, 1, 2, • •• 5): regression coefficients 
Features of the regression models 
1) For Yi (annual total physical output), we need to standard-
ize nongrain output. In our example, the main c r ops in Yu Fa are 
grain (wheat and corn) and nongrain (peanuts) . For convenience , we 
use government accounting standards to convert the amount of peanuts 
into the amount of the grain. To the extent that these conversion 
weights are based upon human nutrition (as opposed to economic value ) , 
they maintain the purit y of our physical output objective . 
lone jin - 0.5 kg . 
2one yuan = o.46 su .s. 
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2) When accounting for capital costs and the net revenue in 
diffe rent years, we employ constant 1970 prices t o ensure 
comparability. 
3) Agricultural production is affected by natural conditions 
represented here by accumulated degrees and precipitation . These are 
particularly important because the agricultural ac tivi ties fo r the 
double c ropping system will last almost a whole year . According t o 
the Research Institute of the Beijing Weather Bureau, radiation is not 
a limiting natural factor for our area, so this factor has been ex-
eluded . 
Furthermore, we let 
AAD' • 
I AAD-AAD I (1.4) 
and AP' a jAP-A.i.1 ( 1.5) 
where AAD': absolute deviation of AAD 
AP': absolute deviation of AP 
We used AAD' and AP' instead of AAP and AP i n our model to avoid the 
dif ficulty of evaluat i ng the influence of weather condi tions on both 
physical and economic output . 
4) In general, the area of cultivable land is fixed in China be-
cause the farmers use their land at a full ex t ent, but planted area is 
varied f rom year to year because of change in cr opping pattern combi-
nat ions . Consider the following formula: 
Multiple Cropping Index x Planted Area % 
Cult ivable Land Area x l OO 
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If the cultivable land area is fixed, then the change in MCI is 
consistent with the change in planted area and we can use annual MCI 
(measured in percent terms) instead of the APA (annual planted area) 
in models (1 . 2) and <1.3). This change reflects the real situation in 
Yu Fa. 
Now, we have the models: 
and 
Y2 .. e' + e' A}J)' + e' AP' + e' MCI + e' AL + e' AK + u' <1. 7> 0 1 2 3 4 5 
where 
MCI: annual multiple cropping index (%) 
AAD': absolute bias of AAD 
AP': Absolute bias of AP 
Y1, Y2, AL, AK, (i :a 0, 1, 2 . . .5) 
are the same as before. 
Step-wise regression models 
Because of the potentially high collinearity between some of the 
independent variables in the data set, we used stepwise regression t o 
explore their linear relationships. Specifically, we selected indi-
vidual independent variables in turn as the new dependent variable and 
performed stepwise regressions on the remaining independent 
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variables.I These stepwise regression models are as follows. 2 
MCI 2 stepwise (AAD', AP', AL, AK) <l .8) 
AL a stepwise (AAD', AP', MCI, AK) <l . 9) 
AK a stepwise (AAD ' , AP', MCI, AL) <1.10) 
Structure of LP Model 
Activities 
AAD: receive annual accumulated degrees above 0°C (°C) 
AP: receive annual precipitation (mm) 
MCI: effect an annual multiple cropping index (%) 
AL: use annual agricultural labor ( labor-days) 
AK: use annual agricultural capital ( yuan) 
Constraints 
1) Fixed natural activities 
Limited by the weather there is a certain range for the changes 
in natural conditions. To avoid a stochastic disturbance from non-
normal weather conditions, we assumed normal weather. Therefore, we 
let 
and 
AAD = average annual accumulated degrees above 0°C in Da Xing 
county 
lclearly, it is meaningful to choose only the economic inde-
pendent variables to be dependent variables. Although we admire the 
skill of Chinese farmers, even they cannot change the weather! 
2rhe results of these estimations will be reported in the fol-
lowing section. 
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AP 2 average annual precipitation in DaXing county (mm) 
These represent constraints Ro 1 and Ro2 in the LP model, respec-
tively. 
2) Estimated lower and upper bounds for economic activities. 
For stepwise regression models, we can calculate the linearized 
prediction range (LPR) for the individual dependent variable according 
to statistical principles. 
Figure 1 illustrates a stepwise regression model (1.5) and its 
confidence intent (CI). 
MCI 2 stepwise (AAD, AP, AL, AK) 
x 
Here: x represents any 
possible independent 
variable in the stepwise 
regression model ( 1.8) 
x 
Figure 1 . Linearized prediction ranges for MCI in a stepwise regres-
sive environment 
Once we obtained the CI for MCI, we drew two straight lines which 
were parallel to the regression line and passed through A and B 
respectively, so that these two lines could be used to approximate the 
CI curve . 
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We derived the constraint 
A ~ 
MCI - tn-k,ct/2 o MCI 2 MCI 2: MCI + tn-k,a/2 o MCI (1.11) 
where, n ~ 18, K is number of independent variable includes in the 
stepwise regression model. When we also used the estimated stepwise 
regression model to replace MCI, we obtained the following model: 
Stepwise (AAD, AP, AL, AK) - tn-kl• /\ 0.025 o MCI 
~MCI~ stepwise (AAD, AP, AL, AK) + tn-kl, 0.025 fl MCI (1.12) 
These are the estimated lower and upper bound for the MCI if ~ 
separate it into two inequalities. 
Similarly, the estimated lower and upper bounds AL and AK are: 
Stepwise (AAD, AP, MCI, AK) - tn-k2• 0.025 ~AL 
~AL~ stepwise (AAD, AP, MCI, AK) + t ~ n-k2, 0.025 AL ( 1.13) 
and 
stepwise (AAD, AP, MCI, AL) - tn-k3, 0.02S ~AK 
2 AK 2 stepwise (AAD, AP, MCI, AL) + tn-k3 , 0. 025 ~AK (1.14) 
Next, we rearranged the terms in the inequalities and obtained the six 
constraints R03 to ROS in the LP model, using all six inequalities 
above in order. 
Historical lower and upper bounds for economic activities 
Consulting the statistical data and estimates by local author-
ities, we estimated the actual lowest and highest levels observed fo r 
all three economic activities in the recent past. These six addition-
al constraints, represented by R09 to Rl4 in the order of the associ-
ated activities in our LP model, were a concession to the range over 
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which local farmers might be willing to change their cropping patterns 
and technology. 
Multiple-objective constraints 
Using the two original linear multiple regression models <1 . 6) 
and (1 . 7), we imposed two constraints to reflect multiple objectives 
and the maximin strategy of game theory. 
Because the units of Yi (estimated physical output in jin) and 
Yz (estimated econontic output in yuan) were different, for conven-
ience, we need to standardize their units in order to trade them off. 
We let: 
( 1.15) 
and 
(1 .16> 
where : 
/\ 
Y'1: de- uni ti zed annual physical output 
/\ 
Y' . 2. de-unitized annual economic output 
/\ 
Y1 estimated annual physical output (jin) 
/\ 
Yz estimated annual economic output (yuan) 
Y1*: expected annual physical output (j in) 
Yz*: expected annual economic output (yuan) 
and other variables are the same as before. 
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Using the rnaximin strategy, we created the additional activity 
SP 
in order to get a saddle point . 
Let 
(1.17> 
and 
<1.18) 
where 
SP a saddle point (Fig. 2) 
Substituting equations <1 .15> and <l . 16> into the inequalites <1.17> 
and (1 .18), we formed t~ other constraints, Rl5 and Rl6, imposed by 
these multiple objectives . 
~' /\, 
1, Y2 
/\ 
Y' 
2 
Far the maxim in 
strategy, A is 
the game theory 
saddle point . 
x 
Figure 2. The saddle point under the maximin strategy 
As Figure 2 shows, the set of all feasible saddle points which 
/\ 
are subject to the constraint Rl5 Y1 ' ~ SP is the area below the 
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/\ /\ 
regression line Yi' including Yi' itself. Similarly, the set of all 
,... 
feasible saddle points which are subject to constraint Rl6 Yz L SP 
"'< /\ is the area below the regression line Y2 including Y2 itself). 
Hence, the shaded area is the set of all feasible saddle points sub-
ject to constraints RlS and Rl6 simultaneously. It is, therefore, 
obvious that A is the maximum point subject to the constraints given. 
Objective 
Clearly, maximizing SP is our objective function in the LP model 
because SP represents the saddle point which can satisfy the trade off 
between physical output and economic output . 
Finally, all activities must satisfy the non-negativity condition 
of the LP model. 
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RESULTS AND DISCUSSION 
Goodness of Fit 
Original multiple linear regression models 
Using SAS with our data set from 1963-1980, we fitted the origi-
nal multiple linear regression models ( 1 . 6) and ( 1 . 7) as follows: 
" Y1 = -41376.21 - 27.4198 AAD' - 74.9371 AP' + 2512 . 23 MCI 
and 
(18694) (40.1391) (37.7395)* (1383.12)* 
+ 294 . 898 AL + 7.8272 AK 
(84.228)** (1.5315)*** 
~2 = 49876.59 - 8.021 AAD' - 5. 0167 AP' 
(17920 . 48) (3 . 8476)* (3.6176) 
+ 317.013 AL+ 0.3243 AK 
(81 . 406)*** (0 . 1468)** 
R2 = 0. 9828 
F = 137.41 
224.06 MCI 
( ll2. 58)* 
R2 = 0.9285 
F =- 31.17 
<2 . 1) 
<2 .2) 
Clearly the R2' s and F-statistics of these two equations are strong . 
The standard errors in parentheses also indicate that all variables 
except those without asterisks are significant a t the 0 .1 0 level or 
better . But are the signs in the regress ion coefficients logical? 
1. 
*=significant at 0.10. 
** significant at 0.05 . 
*** significant at 0 . 01 . 
/\ 
aY2 
< 0. ()AP I < 0 
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This result implies that the annual physical and economic output 
will decrease if either annual accumulated degrees above 0°C or annual 
precipitation changes from the average level. Output will decrease 
regardless of whether conditions are too high or too low. 
2. 
/\ 
aY1 
> 0, ;rncr 
Annual physical output will increase as the MCI increases from 
its average level while annual economic output will decrease. This is 
because more labor and capital input are necessary to increase the 
planted area. However, although the marginal physical product is 
positive, the value marginal product is less than the marginal input 
cost at the given pric~ level. 
/\ /\ /\ /\ aY ay aY ar 
1 2 1 2 
3• aAL > 0 • aAL > 0 • aAK > 0 • aAK > 0 
The more agricultural labor and capital are used, the more both 
annual physical and economic output are created . 
Stepwise regression models 
Although the signs seem logical, we mus t s till eliminate any 
multicollinearity that may exist. Using the SAS stepwise procedure 
three times, and considering significance levels according to t he 
F-statistic, we obtained the following revised models: 
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MCI a 87 .97 21 + 0.3665 AL+ 0. 0008 AK 
(0 . 1417)** (0.0002)*** 
AL .. -47.9619 + 1 . 0708 MCI 
(0 . 0995)*** 
AK• -79030.1334 + 717 . 4782 MCI 
(58 . 5311)*** 
R2 .. O. 9234 
F ., 105.17 
R2 .. 0. 8785 
F,,. 115.71 
R2 ,,. O. 9037 
F .. 150 . 20 
Let us briefly discuss the meaning and signs of these equations : 
(2 . 3> 
<2.4> 
(2.5) 
1) Equation <2.3) explains that the MCI has a positive correla-
tion with agricultural labor and capital . Labor and capital can be 
used to support an increase in the MCI, or we can extend the MCI if ~ 
have more labor and capital. 
2) Equation <2.4> indicates that the use of agricultural labor 
results in a higher MCI . Limited by the amount of the capital for the 
team, a more feasible way to support an increase in the MCI is to in-
crease labor . 
3) Equation (2.5) indicates that agricultural capital is posi-
tively correlated to the change in MCI . If we increase the MCI, we 
also need to increase the capital input . 
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LP Model 
Using the above results and 95 percent significance leve l s , we 
constructed the LP model (Figure 3) . 
B AAD AP MCI AL AK SP 
N 1 
Rl G 45.62 1 - 0 . 3663 -o.oooos 
- 0 . 00008 
R2 L 129.8442 1 - 0 . 3663 
R3 G 0.174 1.0708 -1 
R4 L 96.0978 1.0708 - 1 
RS G 47831.4955 717.4782 - 1 
R6 L 111428 . 7713 717. 4782 -1 
R7 E 4579 . 8 1 
R8 E 536.4 1 
R9 L 200- 1 
RlO G 120 1 
Rll L 182 1 
Rl2 G 100 1 
Rl3 L 40000 1 
Rl4 G 20000 l 
Rl5 G 0 . 0608 -0. 0000{j - 0 . 0001 0 . 0037 o.oooq 0 . 0001 -1 
Rl6 L 1.5586 0 . 0003 0.0002 0 . 007 - 0 . 0099 - 0. 00001 1 
Figure 3. The regressively-determined linear programming game theor y 
model 
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LP Results and Discussion 
Results 
The results of the LP runs determined that: 
a. The value of the saddle point is 0.8069. 
b. At the saddle point, we calculated the value for two objective 
functions separately. The physical output is 645,829.6 jin while the 
economic output is 33990.92 yuan. 
c. The optimal value of the MCI is 173.6% 
Discussion 
a. Trade off between the two objectives 
Comparing our optimal results for the multiple objective model 
with our original data set, we found that the result represented a 
trade off between physical and economic output. During the whole 
period, the highest physical output was 711,496 jin in 1980, and the 
highest economic output was 34,724 yuan, in 1979, especially there is 
a second highest physical output, 682747 jin, in 1975, W'hile economic 
output was only 28203 yuan. 
Compared with 1975, our results indicate a 5.4 percent reduction 
for physical output and a 20.5 percent increase for economic output. 
Therefore, if we choose the saddle point for the team instead of 
the output of 1975, we must trade off 36,917.4 jin of grain for 
5,787.92 yuan. This means the team must spend money to buy these 
36917.4 jin of grain at the cost of 0.16 yuan/jin. If we consider the 
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normal situation excluding the effect of t.oieather condition, we can 
conclude that the saddle point choice is more reasonable. 
b. Implications of the optimal MCI 
The optimal MCI is 173.6 percent. Thus, the most reasonable plant-
ed area for the team is 1635.5 mu. The most reasonable arrangement for 
the double cropping patterns is that the area of the cultivable land 
used for double cropping patterns must be 693.4 mu while the area of the 
cultivable land used for single cropping systems must be 
248.7 mu. Therefore, the ratio of the area of double cropped to single 
cropped land must be 2.78:1 . 
The optimal MCI may be tested against the practical situation in 
Yu Fa. Since the 1970s, the team has made a great attempt to improve 
the cropping system. In 1975, they extended single triple ridged crop-
ping patterns, and the MCI increased to 179.8 percent. Physical output 
was 682,747 jin and economic output 28,203 yuan. But in the ensuing 
years, the team adjusted the MCI by choosing double non-ri<lged and 
double semiridged cropping patterns. Economic output increased while 
physical output declined slightly. For example, in 1979 the MCI was 
172.2 percent with physical output 681,285 jin and economic output 
34,724 yuan. Although there was a slight decrease in physical output 
from 1975, there was a more than proportional increase in economic out-
put, to reach the highest level in its history. Notably, the MCI in 
that year was very close to the optimal value obtained from our computa-
tion. This is a further test of the accuracy of our results. 
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A A 
Admittedly, because both Y1 and Yz are statistical estimators, 
the true values of Y1 and Y2 lie with an uncertain probability 
within a range around these fitted lines. Thus, our results do not 
reflect the truly stochastic nature of the trade-offs between the two 
objectives. Nonetheless, the saddle point reported is the best possible 
point estimate of the proper balance between the two objectives from the 
viewpoint of the maximin principle. 
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SUMMARY AND CONCLUSIONS 
Summary 
The purpose of this essay was to discuss how to build a game 
model for a production team in China to reflect its historic situa-
tion, and how to trade off physical and economic output to find the 
optimal MCI. In short we have tried to present a new approach to the 
optimization of the MCI. 
Conclusion 
The discussion has shown that: 
1. Game theory is useful in realizing the trade-off between 
physical and economic output in Chinese agriculture. For this specif-
ic production team, we used game theory with sa_tisfactory results. 
Comparing the saddle point with the recent records of the team, 
we concluded that game theory can help the team achieve both record 
economic output and high physical output. 
2. Game models are useful in optimizing the MCI. For our pr o-
duction team, the optimal value of the MCI was 173.6 percent. This 
value can be used directly to re-arrange production patterns to im-
prove upon past practices. 
3. It is helpful to combine statistical techniques within optim-
ization models. For our production team, we used multiple linear and 
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stepwise regression to construct an LP model with linearized 
prediction ranges, and solved the LP with the maximin strategy of game 
theory. We concluded that the approach is feasible for the 
optimization of the MCI while trading off physical and economic 
output. 
64 
GENERAL CONCLUSION 
These two essays are examples of how mathematical models can be 
used to study the key problems of Chinese agricultural production teams 
from the point of view of multiple goals. 
The first essay, "The Optimal Cropping System for a Chinese Produc-
tion Team: A Multiple- Goal, Assembly Line Approach" , examined the op-
timization of the cropping system for a typical production team using an 
extended LP model constructed to reflect a Chinese production team in 
1980. Through the evaluation of two propositions, we concluded t hat: 
1 . LP models are an effective evaluative tool in China, as in 
other countries, but require specific modifications . A weighted de-
unitized linear combination of two goals was fitted. 
2. LP models are effective in optimizing the· cropping system but 
require the addition of extensive constraints. The assembly line method 
was useful in reducing the model's size. 
The second essay, "The Optimal Multiple Cropping Index for a 
Chinese Production Team: A New Game Model Approach" examined the optim-
al MCI fo r a typical production team in northern China using a game 
model which was based on econometrics. Through the evaluation of three 
propositions, we have demonstrated that: 
1. Game models are a means of trading off two goals. 
2. Game models are a means of indicating the optimal MCI . 
3. Game models can combine econometric kno wledge and optimization 
techniques. 
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The sort of model analysis presented in these two essays could be 
used by Chinese agricultural economists to solve for optimal 
production plans, and by planners to make decisions as to how to 
adjust the MCI and the cropping system according to their goals in a 
given policy period . 
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